OBJECTIVE: To investigate the extent of carotid artery atherosclerosis in obese subjects and to examine the possible effects of weight loss on atherosclerotic development. DESIGN: Controlled 4 y intervention study. SUBJECTS: 20 obese patients treated with weight-reducing gastroplasty, 19 obese patients treated with dietary recommendations and 35 lean subjects. MEASUREMENTS: Body weight, blood pressure, blood lipids, glucose and insulin were measured. A B-mode ultrasound was recorded to determine the intima-media thickness (IMT) and lumen diameter (LD) of the carotid artery. Study groups were investigated at baseline and re-examined after 3 to 4 y of follow-up. RESULTS: At baseline, obese patients had higher blood pressure, serum total cholesterol, triglycerides, glucose and insulin compared with lean subjects; they also had a larger IMT in the carotid artery bulb (P`0.05) and a larger LD in the common carotid artery (P`0.01). After 4 y of follow-up, obese patients treated with surgery displayed a mean weight loss of 22 kg (19%), while the average weight in the obese control group remained unchanged (P`0.001). The weight loss group showed improvements in blood pressure, HDL-cholesterol, triglycerides and insulin compared with the obese control group (P`0.05). The progression rate of carotid bulb IMT in the weight loss group was similar to that observed in the lean control group (0.024 vs 0.025 mmay, n.s.), whereas the IMT progression rate was almost three times higher in the obese control group (0.068 mmay, P`0.05 compared with lean controls). CONCLUSION: Obese people have an unfavourable risk factor pro®le and signs of premature carotid artery atherosclerosis. Weight loss is followed by an improvement in several risk factors and may reduce the progression rate of atherosclerotic changes in the carotid artery bulb.
Introduction
Obesity is associated with multiple risk factors for atherosclerosis, including hypertension, dyslipidaemia and impaired glucose tolerance. 1 ± 3 Furthermore, several epidemiological studies have demonstrated that obesity is associated with an increase in the incidence of cardiovascular disease, in particular myocardial infarction and stroke. 4 ± 6 Despite this evidence, cross-sectional studies based on angiography and autopsy have not been able to demonstrate a consistent relationship between obesity and the degree of atherosclerosis. 7, 8 In an attempt to explain this controversy, it has been suggested that obesity may be related more to the precipitation of cardiovascular events, e.g. thrombus formation, than to the underlying atherosclerotic process.
Several studies have shown that weight loss is associated with a reduction in cardiovascular risk factors. 9 ± 11 However, the bene®t of weight loss with respect to cardiovascular complications remains undetermined. Controlled intervention studies addressing this issue are lacking and observational studies, which are limited by their inability to differentiate between voluntary and involuntary weight loss, have reported either a decrease or an increase in cardiovascular mortality following weight reduction. 12, 13 The possible effects of weight loss on the progress of atherosclerosis have not been investigated.
B-mode ultrasound has been applied in clinical research in order non-invasively to study the atherosclerotic process in the carotid artery. It is assumed that atherosclerotic changes in the carotid artery re¯ect general atherosclerosis, and ultrasound measurements of intima-media thickness in the carotid artery have been used as a surrogate measurement of coronary atherosclerosis. 14 ± 16 In the present study, we used B-mode ultrasound to examine the extent of carotid artery atherosclerosis in obesity and to investigate the possible effects of weight loss on the progression rate of atherosclerotic changes.
Subjects and methods

Study groups
In all, 74 subjects from the city of Gothenburg and the surrounding areas, comprising 56 males and 18 females with ages ranging from 28 to 63 years, were enrolled in the study. At baseline, 39 obese patients with a body mass index (BMI) of 30 ± 40 kgam 2 and 35 non-obese subjects with a body mass index of 20 ± 28 kgam 2 were evaluated. The obese and non-obese study groups were matched with respect to age, gender and height.
After baseline assessment, the patients with obesity were assigned to one of two groups: the`obese operation' group including 20 patients referred to weight-reducing gastric surgery and the`obese control' group, consisting of 19 obese subjects who received conventional dietary recommendations. These two groups were matched with respect to age, gender, height and weight. Nineteen subjects from the obese operation group and 17 subjects from the obese control group returned for re-examination after 4 y of follow-up. Three-year follow-up data were available for 29 subjects in the non-obese control group.
The obese patients were recruited from the ongoing Swedish Obese Subjects (SOS) study, which is a nationwide trial designed to determine whether the mortality rates among obese people who lose weight by surgical means differ from those in an obese reference sample. 17 The non-obese study group was chosen from a sample of adults who had been randomly selected from the population registry of Gothenburg and had served as a normal reference group in our laboratory.
Anthropometry and blood pressure
Body weight was measured with the subjects wearing light clothing and no shoes and rounded off to the nearest 0.1 kg. Height measurements were rounded off to the nearest 0.01 m. BMI was calculated as the weight (kg) divided by the square of the height (m 2 ). Systolic and diastolic (phase V) blood pressure were measured in the right arm using a mercury sphygmomanometer after 10 min of supine rest. An appropriate cuff, with a width of at least 40% of the circumference of the subject's arm, was applied.
Biochemical analysis
Blood samples were obtained in the morning after a 10 ± 12 h fasting period. Total cholesterol and triglyceride concentrations in serum were determined using enzymatic techniques. High-density lipoprotein (HDL)-cholesterol was determined after the precipitation of low-density lipoprotein (LDL) with heparin and manganese chloride. LDL-cholesterol was calculated according to the equation developed by Friedewald et al. 18 Blood glucose was measured enzymatically, whereas plasma insulin was determined by radioimmunoassay.
Ultrasonography
Ultrasound studies of the right carotid artery were performed with the subject in the supine position. A commercially available ultrasound system (Acuson 128 XP, Mountain View, CA) with a 7 MHz linear transducer was used. Images for intima-media thickness (IMT) were recorded from the common carotid artery and the carotid artery bulb. Three different images at the position of the thickest part of the far wall (visually judged) were obtained from each arterial segment and recorded on video tape. In order to minimize variability due to the cardiac cycle, images were captured by electrocardiographic triggering on the top of the R wave. Immediately after the examination, a study protocol was ®lled in, including a description of the probe angle, as well as a drawing of the vessel topography. This protocol, which did not contain any information relating to the degree of atherosclerosis, was used as a guide at the follow-up investigation. 19 
Intima-media thickness and lumen diameter
The ultrasound images from the video tape were analysed in a computerized analysing system based on automated detection of the echo structures, with the option of making manual corrections via the operator. IMT was de®ned as the distance from the leading edge of the lumen ± intima interface to the leading edge of the media ± adventitia interface of the far wall and lumen diameter (LD) was de®ned as the distance between the leading edges of the intima ± lumen interface of the near wall and the lumen ± intima interface of the far wall. The measurement of IMT in the carotid artery was made in two separate segments: along a 10-mm long segment of the common carotid artery; and along a 10-mm long segment in the carotid artery bulb. The program gives the mean and the maximum thickness of the intima ± media complex, as well as the mean lumen diameter in the common carotid artery. 20 The progression rate of IMT expressed in mmay was calculated in order to permit comparisons between study groups with different observation intervals.
The axial resolution of the ultrasound system, as well as the measurement precision obtained with our analysing procedure, are illustrated in Figure 1 . The theoretical resolution of the ultrasound system is about 0.3 mm, meaning that if the intima media complex is thinner than this, it cannot be measured. This was not the case in any of our study subjects. The measurement precision, on the other hand, depends on the analysing system and for IMT is approximately 0.005 mm, when a mean value of three measured images is used. 21 Most of the recordings were performed by a single laboratory technologist with vast experience of ultraWeight loss and carotid artery atherosclerosis K Karason et al sonography (IW) and the images were stored digitally. Measurements were made afterwards by the same examiner, now blinded with respect to the study subjects. Estimation of intra-observer variability for the actual examiner, including both registration and reading variability, has given coef®cients of variation of 10.6% for the common carotid artery and 13.2% for the carotid artery bulb. 22 Furthermore, variation coef®cients for re-reading images in the present study were 1.2% and 3.8% for the respective arterial segments.
Only good quality readings with clearly delineated echo interfaces were included in analyses. Because obese subjects often have an accumulation of adipose Weight loss and carotid artery atherosclerosis K Karason et al tissue in the neck area their carotid vessel anatomy can be dif®cult to visualize. Due to drop out (three obese patients and six lean subjects) and these technical problems, the availability of good quality readings from both baseline and follow-up was reduced.
Complete data from the common carotid artery and carotid artery bulb were available for 69% and 59% of the obese subjects respectively, and the corresponding ®gures for lean subjects were 83% and 71%. There were no baseline differences between subjects for whom IMT data were available and those for whom they were not.
Statistical analyses
Statistical analyses were performed with the Statview and SAS software packages (SAS Institute, Cary, NC). Data are given as the meanAE s.d. Comparisons between groups at baseline and follow-up were made using the w 2 test (categorical variables) and the MannWhitney U test (continuous variables) and comparisons within groups were made using Wilcoxon's signed rank test. Comparisons of the IMT progression rate between the three groups were made using analysis of covariance with adjustment for baseline IMT. The t distribution was used to calculate a 95% con®dence interval for differences between groups. All the probability values were derived from twotailed tests and a P-value of`0.05 was considered signi®cant.
Results
At baseline, obese and non-obese subjects were similar with respect to gender, age, height and smoking habits (Table 1) . By de®nition, obese patients had a higher body weight and BMI than lean subjects; they also had higher systolic and diastolic blood pressure. Obese subjects had higher serum total cholesterol, triglycerides, glucose and insulin compared with lean subjects, while LDL-cholesterol and HDL-cholesterol did not differ between the two groups. As shown in Table 2 , obese patients had an 8% larger lumen diameter in the common carotid artery compared with lean subjects (P`0.01) and a 19% larger intima±media thickness in the carotid artery bulb (P`0.05). In the common carotid artery, however, the difference in IMT between obese and lean subjects was not statistically signi®cant.
At baseline, the obese operation and obese control groups were similar in terms of clinical variables and ultrasound measurements, except for slightly higher diastolic blood pressure in the obese operation group (Tables 3 and 4) . During follow-up, three former smokers in the obese operation group started to smoke again and one patient in the obese control group quit smoking. Obese patients who were receiving antihypertensive medication at baseline were still on the same therapy at follow-up, however, the dosage in the obese operation group had been reduced (data not shown).
After 4 y of follow-up, the obese operation group displayed a mean weight loss of 22 kg (19%), while the average weight in the obese control group remained unchanged (Table 3 ). The weight loss group displayed reductions in systolic and diastolic blood pressure compared with the obese control group and showed decreases in serum triglycerides and insulin and an increase in HDL-cholesterol. As shown in Table 4 , the obese control group displayed a 29% increase in both the mean and the maximum IMT in the carotid artery bulb (P`0.05), while the corresponding values for the weight loss group were only 11% and 6% (n.s.). However, when changes were compared between obese groups, the differences did not reach statistical signi®cance. In the common Weight loss and carotid artery atherosclerosis K Karason et al carotid artery, no signi®cant differences in IMT or LD were observed within or between the obese groups at follow-up. After 3 y of follow-up the lean control subjects did not display any signi®cant changes in body weight, blood pressure or metabolic variables. One lean subject stopped smoking (data not shown). The mean and maximum IMT in the carotid artery bulb increased by 9% and 11% respectively (P`0.05). No signi®cant increase was observed in common carotid IMT or LD.
The rate of progression of IMT (mmay) in the carotid bulb for all three study groups is shown in Figure 2 . The progression rate was almost three times higher in the obese control group compared with both the lean group and the weight loss group. However, only the difference between the obese control and the lean group reached statistical signi®cance.
Discussion
The main ®ndings in the present study are that obese subjects have a thicker intima ± media complex in the carotid artery bulb and a larger lumen diameter in the common carotid artery compared with lean subjects. Furthermore, obese subjects who lose weight appear to have a lower progression rate of IMT compared with subjects with persistent obesity. These observations are of importance since ultrasound measurements of carotid IMT are not only an estimation of atherosclerosis in the carotid artery but also a surrogate measurement of coronary atherosclerosis. 16 Despite the accumulation of cardiovascular risk factors in obese subjects, previous studies have not been able to identify a clear relationship between obesity and atherosclerosis. In 1983, Solberg and Strong reviewed autopsy studies from 24 geographical locations and concluded that there were no consistent associations between obesity and atherosclerotic disease. 7 Furthermore, in a review article from 1985, Barrett-Connor stated that, despite biological plausibility, the literature did not support a causal relationship between obesity and atherosclerosis. 23 In accordance with this, neither cross-sectional nor longitudinal angiographic studies have been able to demonstrate a consistent association between obesity and coronary atherosclerosis. 8,24 ± 28 However, some of these studies have demonstrated a signi®cant relationship between visceral adipose tissue and coronary artery disease. 8,25 ± 27 Since autopsy and angiography studies have not been able to demonstrate a consistent relationship between obesity and the degree of atherosclerosis, it has been speculated that the increased frequency of cardiovascular events in obese subjects may be related to disease processes other than atherosclerosis, such as endothelial dysfunction and thrombus formation. 29 This is supported by the presence of abnormal ®bri-nolytic activity in obese patients. 30, 31 However, it should be noted that angiography only provides information about relatively advanced atherosclerotic lesions leading to the narrowing of the vessel lumen Figure 2 Mean ( AE s.e.) progression rate in intima±media thickness in the carotid artery bulb in the three study groups.
Weight loss and carotid artery atherosclerosis K Karason et al and that autopsy studies, despite permitting a more accurate estimation of atherosclerotic disease, are limited because of their cross-sectional nature and selective study samples. B-mode ultrasound, on the other hand, offers an opportunity non-invasively to quantify early atherosclerotic disease in the carotid artery and to detect small changes in wall thickness occurring over time. Because of these advantages the ultrasound technique has been used to estimate atherosclerotic disease in several longitudinal population and intervention studies. 19,32 ± 34 In accordance with previous studies, obese patients in this study had an adverse risk factor pro®le with increments in blood pressure, serum total cholesterol, triglycerides, glucose and insulin. One novel ®nding was that obese patients had a thicker intima ± media complex in the carotid artery bulb compared with lean subjects and a higher IMT progression rate during 4 y of follow-up. These observations strongly suggest that obesity predisposes subjects to the development of atherosclerosis and that the disease process is likely to be mediated by haemodynamic and metabolic risk factors. The results are consistent with the ®ndings of the Honolulu Heart Program, in which obesity predicted the degree of coronary artery disease assessed angiographically, 35 and the more recent Bogalusa Heart Study, where body fatness was related to the extent of atherosclerotic lesions found at autopsy in young people who had died of trauma. 36 In the present study, obese subjects had more pronounced intima ± media thickening in the carotid artery bulb than in the common carotid artery. This is consistent with previous experience that atherosclerotic lesions occur more frequently in arterial regions with¯ow separation and low shear stress, which is typical of the carotid bifurcation area. The importance of atherosclerosis in the carotid bifurcation is further emphasized in a recent study by Hulthe et al, showing that IMT measured in the carotid bulb correlates better with coronary atherosclerosis than IMT measured in the common carotid artery. 16 As expected, weight loss in our obese subjects was associated with improvements in several risk factors including reductions in blood pressure, triglycerides and insulin and an increase in HDL-cholesterol. One important observation was that the obese control group displayed a signi®cant increase in carotid bulb IMT at follow-up, while the weight loss group did not. The progression rate of IMT in the weight loss group was only about one-third of that found in the obese control group and was similar to that observed in lean subjects. Although the difference between the weight loss group and the obese control group did not reach statistical signi®cance, this could be due to small sample sizes (beta error). Taken together our ®ndings suggest that weight loss, along with concomitant risk factor improvements, may reduce the progression rate of atherosclerosis. However, it should be noted that factors other than weight reduction, such as changes in dietary habits and enhanced physical activity, also could contribute to retardation of the atherosclerotic process.
Another interesting observation in our study was that obese subjects had a larger lumen diameter in the common carotid artery compared with lean subjects. Previous studies have shown that obesity is associated with an elevation in blood volume and cardiac output and an enlargement in the arterial lumen may therefore be an adaptation to augmented haemodynamic load. Furthermore, it can be speculated that increments in LD may lead to a compensatory thickening of the arterial wall in order to maintain normal wall stress. However, haemodynamic adaptation of this kind is unlikely to be the sole explanation of obesityrelated intima ± media thickening in the carotid bulb, a region known to be prone to atherosclerosis. Although weight reduction has been shown to be associated with a regression of haemodynamic load, 37 ± 39 no changes were observed in lumen diameter in our weight loss subjects at follow-up. This suggests that obesity-related increments in arterial lumen may be irreversible, or my need longer time to normalize.
Limitations of the study
The present study has several limitations, some of which are addressed below. Firstly, the study was neither blinded nor randomized due to practical and ethical reasons. However, in order to compensate for this, the two obese groups were matched to one another with respect to several clinical variables. Secondly, dif®culties involved in the ultrasound assessment of carotid vessel anatomy in obese subjects resulted in missing data. Nonetheless, we feel that our conclusions are valid, since obese patients who could not be included in the analyses did not differ signi®cantly from patients included with respect to gender distribution or any other measured clinical variable. Thirdly, the power of our study for detecting the true effects of weight loss on IMT progression rate was low due to small sample sizes. This may explain why the large difference in IMT progression rate between obese operation and obese control subjects did not reach statistical signi®cance. Further largescale studies are thus needed to con®rm our ®ndings.
Conclusions
We conclude that middle-aged obese people have an unfavourable risk factor pro®le and signs of premature carotid artery atherosclerosis. The carotid artery lumen is enlarged in obese subjects and this may be related to an increase in haemodynamic load in these patients. Weight loss is followed by an improvement in several risk factors and may also reduce the progression rate of atherosclerotic changes in the carotid artery bulb.
Weight loss and carotid artery atherosclerosis K Karason et al
